Three nationwide multicentre studies (n ¼ 5071) showed an increase in antibiotic resistance in pneumococci in Germany. Serotype 23F was the predominant serotype (n ¼ 45, 22·4 %), followed by 6B (n ¼ 30, 14·9 %) and 9V (n ¼ 19, 9·5 %). Multilocus sequence typing was used to characterize 45 serotype 23F strains with reduced penicillin susceptibility. The Spanish 23F -1 clone
INTRODUCTION
Penicillin non-susceptible Streptococcus pneumoniae strains were first reported from Germany in 1992 (Reinert et al., 1992) . Within the last 5 years, an increase in both penicillin and macrolide resistance has been observed among S. pneumoniae in Germany, as documented by three surveillance studies performed by the National Reference Center for Streptococci. In a nationwide study of invasive pneumococcal disease in adults (study B), the proportion of strains with reduced susceptibility to penicillin (MIC > 0·12 ìg ml À1 ) increased from 1·8 % in 1992 to 5·8 % in 2000 (Reinert et al., 2002) . In an ongoing population-based nationwide surveillance study of invasive disease in children (study A), which started in 1997 and covered all paediatric hospitals and clinical microbiology laboratories in Germany, ten strains (3·3 %) were found to be penicillin-intermediate (MIC 0·12-1·0 ìg ml À1 ), but no penicillin-resistant strains (MIC . 2 ìg ml À1 ) were detected (von Kries et al., 2000) . During the same period, outpatient pneumococcal isolates were collected prospectively by 19 clinical microbiology laboratories in Germany between November 1998 and April 1999 (study C), with 6·8 % (n ¼ 65) of 961 pneumococcal strains showing reduced susceptibility to penicillin (Reinert et al., 2001) .
Multilocus sequence typing (MLST) is a recently developed technique that produces unambiguous molecular typing data that can be transmitted electronically via the Internet Maiden et al., 1998) . Using this procedure, nucleotide sequences of $ 450 bp internal fragments of seven housekeeping genes are determined for each isolate. Different sequences at each locus are assigned as distinct alleles and, for each isolate, alleles at the seven loci define the allelic profile or sequence type (ST (Table 1) . Twelve isolates were recovered from blood, three from cerebrospinal fluid, 17 from respiratory specimens and 13 from other or unknown sources. In addition, we scanned the MLST database, which includes the allelic profiles of over 700 pneumococci, for pneumococcal serotype 23F infections .
Susceptibility testing and serotyping. Susceptibility testing was performed by using the broth microdilution method as recommended by the National Committee for Clinical Laboratory Standards (NCCLS, 2000) . Commercially manufactured plates (Micronaut-S; Merlin Diagnostics) that contained penicillin, cefotaxime, erythromycin, clindamycin, tetracycline and cation-adjusted Mueller-Hinton broth (Oxoid) plus 5 % lysed horse blood (Oxoid) were utilized. MICs were determined following incubation at 35 8C for 20-24 h in ambient air. S. pneumoniae ATCC 49619 was used as a control strain. Isolates were stored at À70 8C on porous beads (Microbank; Mast Diagnostics). Susceptibility to cotrimoxazole was determined by means of E test strips (Viva Diagnostica). Current NCCLS interpretive criteria were used to define antimicrobial resistance (NCCLS, 2000) .
Pneumococcal strains were serotyped by Neufeld's Quellung reaction (Neufeld, 1902) , using type and factor sera provided by the Statens Serum Institut, Copenhagen, Denmark. The serotype distribution of this collection of penicillin non-susceptible pneumococci was analysed with reference to all pneumococci collected in three German multicentre studies (von Kries et al., 2000; Reinert et al., 2001 Reinert et al., , 2002 .
DNA purification, PCR protocols and MLST. PCR amplification was carried out on chromosomal DNA by using an extension time of 30 s and an annealing temperature of 50 8C with Taq polymerase (Roche Diagnostics). DNA fragments were purified by using the QIAquick system (Qiagen) and sequencing reactions were carried out in each direction by using the primers that had been used for initial PCR amplification. After gel electrophoretic separation of 8 ìl PCR product in 1 % agarose, amplicons were visualized and their length determined by using UV transillumination. For gel documentation, the BioDocAnalyze system (Biometra) was used.
MLST was carried out as described previously. Briefly, internal fragments of the aroE, gdh, gki, recP, spi, xpt and ddl genes were amplified by PCR from chromosomal DNA with the primer pairs described by .
Assignment of alleles at each locus was carried out with software available at the pneumococcal MLST website (http://www.mlst.net). Alleles at each of the seven loci provide the allelic profile of each isolate and also define their ST. Allelic profiles are shown as the alleles at each of the seven loci, in the order aroE, gdh, gki, recP, spi, xpt, ddl. Allelic profiles of the German isolates were compared with each other, as well as with other isolates in the pneumococcal MLST database, by using software available at the MLST website.
Detection of resistance genes. For amplification of tetM, primers originally published by Provvedi et al. (1996) with the sequences 59-TGGAATTGATTTATCAACGG-39 (positions 2496-2515) and 59-TTCCAACCATACAATCCTTG-39 (positions 3575-3556) were used. For amplification of tetO, the primers 59-GGCACAGACCCGTA TACTGTT-39 (positions 442-462) and 59-TTAAAAGAGGGTCGC CATCTG-39 (positions 1230-1250) were used (Widdowson et al., 1996; Widdowson & Klugman, 1998) . For detection of erm and mef, primers described by Trieu-Cuot et al. 921 (99·7) 46 (100) 61 (6·6) 13 ( 
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(positions 978-958) and (mef) 59-AGTATCATTAATCACTAGTGC-39 (positions 57-77) and 59-GTAATAGATGCAATCACAGC-39 (positions 551-532) were selected (Reinert et al., 2001) .
RESULTS AND DISCUSSION
Serotyping data were available for 201 representative penicillin non-susceptible strains of pneumococci collected in three German multicentre studies (Table 1 ) (von Kries et al., 2000; Reinert et al., 2001 Reinert et al., , 2002 . Serotype 23F was the predominant serotype (n ¼ 45, 22·4 %), followed by 6B
(n ¼ 6, 3 %) and others (n ¼ 43, 21·4 %). Table 2 shows demographic, antimicrobial susceptibility and MLST data for individual strains. The following sequence types were found:
ST 81 strains were isolated in Germany each year from 1992 to 1999. ST 81 (the ST of the Spanish 23F -1 clone; McGee et al., 2001) appears to be geographically distributed throughout Germany and was recovered from both invasive and noninvasive disease sources. Seven strains among the group of German ST 81 strains were high-level penicillin-resistant (MIC > 2 ìg ml À1 ).
Most strains (n ¼ 15, 71·4 %) of ST 81 were susceptible to erythromycin (MIC <0·25 ìg ml À1 ), but 90 % of isolates (19 of 21) were resistant to tetracycline (MIC > 4 ìg ml À1 , all tetM-positive). All German isolates of the Spanish 23F -1 clone had the typical allelic profile of this clone (ST 81).
The second most prevalent penicillin-resistant 23F clone in Germany is ST 277. Eight strains (17·8 %) had ST 277 and another four were very closely related, differing from the allelic profile of this ST at only a single locus [single locus variants (SLVs)]. Only one isolate of ST 277 can be found in the MLST database; this is a penicillin-resistant serogroup 23 strain isolated in the Netherlands (strain JJ279-23). Strains of ST 277 were mostly isolated (four of eight ST 277 strains) in the extreme west of Germany, whilst the other strains were detected in central and southern Germany. No SLVs of ST 81 were detected, whereas four SLVs of ST 277 (STs 359 and 360, one each; 361, two strains) were found to be present in Germany. All SLVs showed alterations in the xpt gene, harbouring allele 6 (strains PS 275 and PS 278; ST 361), allele 20 (RKI 425; ST 359) or allele 65 (RKI 682; ST 360). All strains of ST 277 and its SLVs were intermediately penicillinresistant and were erythromycin-and tetracycline-susceptible.
Two strains (PS 1953 and PS 2006) were identified as ST 242; one further strain was an SLV of this ST (RESP 95; ST 362). Interestingly, ST 242 has only been reported from Taiwan to date and is now designated the Taiwan 23F -15 clone (Shi et al., 1998) . The two ST 242 isolates in the German strain collection were intermediately penicillin-resistant and were erythromycin-and tetracycline-resistant, as are Taiwanese isolates of this clone. The ST 242 strains showed the MLS B type of resistance (erm-positive), whereas the SLV (ST 362) was mef-positive.
Two strains in the German strain collection (RKI 530 and RKI 531) belong to ST 142, which is defined by a single penicillin-resistant serotype 23F strain (M 402) that was isolated in 1998 in Spain. ST 142 is a SLV of ST 277, which is widespread in Germany. Interestingly, both ST 142 isolates were isolated in the same city, Dortmund, in 1999. Strains of ST 142 are susceptible to erythromycin and clindamycin; however, in contrast to the Spanish isolate, they are resistant to tetracycline.
One strain (RESP 798; ST 355) is an SLV to the high-level cephalosporin-resistant serotype 23F clone from the US (Tennessee 23F -4; pneumococcal network, accession no. ATCC 51916). In contrast to the Tennessee 23F -4 clone, the German isolate remained susceptible to cephalosporins. Five of the German strains had allelic profiles that were not related closely (SLVs) to any isolates in the MLST database (STs 353, 354, 356, 357, 358) .
Penicillin resistance in pneumococci is now an infectious disease problem of international significance. Penicillin resistance rates vary even between neighbouring European countries (Klugman et al., 1997; Pradier et al., 1997) . An extremely high level of penicillin resistance is reported from southern and south-eastern Europe, whereas the level of pneumococcal â-lactam resistance remains low in Germany (Reinert et al., 1995 (Reinert et al., , 2001 (Reinert et al., , 2002 von Kries et al., 2000) , the Netherlands (Hermans et al., 1997) , the northern European countries (Nielsen & Henrichsen, 1992; Henriques et al., 2000) and the UK (Johnson, 1998; Andrews et al., 1999) .
MLST now offers an excellent tool for unambiguous characterization of pneumococci by sequencing approximately 450 bp fragments of seven housekeeping loci . MLST is particularly useful for comparing penicillin-and multiresistant isolates recovered in one geographical region with those described elsewhere (Zhou et al., 2000) .
The present study showed serotype 23F to be the most predominant penicillin non-susceptible serotype isolated in Germany. Strains from three nationwide surveys were included in the analysis. As study A (population-based study covering all laboratories in Germany) and study B (Table 1) are nationwide studies, the penicillin non-sensitive serotype 23F pneumococcal strains included in the present analysis are representative isolates for invasive pneumococcal disease in Germany. In contrast, representativeness of the present analysis for pneumococcal respiratory tract infections may be limited.
Among all serotype 23F pneumococci that were recovered in Germany from 1992 to 2000, MLST unambiguously demonstrated that the Spain 23F -1 clone (ST 81) contributed significantly to the spread of penicillin resistance in Germany. Representatives of ST 277 and SLVs of this ST are also observed in Germany. A few isolates were indistinguishable MLST was used by Zhou et al. (2000) to characterize isolates of the major Spanish clones of penicillin-resistant and multiply antibiotic-resistant S. pneumoniae strains, including previously characterized isolates of the Spanish 23F -1 clone (Coffey et al., 1996) . Fifteen out of 16 of these isolates had an identical allelic profile (ST 81, profile 4-4-2-4-4-1-1), which was considered to be the typical allelic profile of the Spanish 23F -1 clone.
Data from this study clearly document that most penicillin non-susceptible strains are closely related to those found in Spain. Results of our study also underscore that travelling may contribute to the spread of resistance. Germans spent 82·6 billion DM (38·4 billion US$) on travel in 1998. For many years, the main holiday destination for the German population has been Spain; a total of 5·7 million Germans flew to Spain (19·7 % of all destinations) in 1998. It is therefore likely that resistant strains are continuously imported into Germany, presumably mainly from Spain. Nevertheless, it remains unclear why these strains do not spread within Germany to a greater extent.
Differing antibiotic consumption in European countries may largely account for these differences. Our group studied the relationship between penicillin and erythromycin resistance among isolates of S. pneumoniae, relative to macrolide consumption, in Germany over 9 years (1992-2000) (Granizo et al., 2000; Reinert et al., 2002) . A significant relationship was observed between erythromycin resistance and macrolide consumption. Although that ecological analysis was not able to demonstrate a causal relationship between antibiotic consumption and development of resistance, it suggested that overuse of certain specific antibiotics is more likely to be related to the increase in resistance. High prevalence of the Spanish 23F-clone in Germany may also be due to the relatively high consumption of tetracycline, which was widely used in Germany in the mid-1990s, as this 23F clone is also tetracycline-resistant. A study by Cars et al. (2001) has demonstrated that sales of antibiotics varied more than fourfold within Europe; France and Spain had the highest sales, whereas the Netherlands, Denmark, Sweden and Germany had the lowest (Cars et al., 2001) . In addition, the relatively high frequency of pre-school children staying at home and not at day-care centres may contribute to the lower level of antibiotic resistance in Germany.
In conclusion, penicillin non-susceptible serotype 23F isolates in Germany can be assigned to two major clones, but other strains also contribute significantly to resistance. Some isolates appear to have not yet been identified outside Germany. The findings of the present study underscore that, despite the low level of â-lactam resistance, penicillinresistant serotype 23F ST81, which is responsible for high resistance rates reported from other European countries, is present in Germany. Consequently, to preserve the currently low antimicrobial resistance levels among clinical isolates of S. pneumoniae, prudent usage of antimicrobials in Germany is warranted.
